Abstract. B and Ga co-doped ZnO films were fabricated by RF magnetron sputtering method. The effects of sputtering pressure on the electrical, optical, structural and morphological properties of the films (BGZO) were investigated. As sputtering pressure increased up to 6mTorr, the film crystallinity was improved. At the sputtering pressure of 6mTorr, the films showed smooth and dense of film surface, lower resistivity and higher Hall mobility. It was also observed that all films showed high transparency in the visible range. The film showed blue shift of optical band gap with increaseing of sputtering pressure.
Introduction
For most optoelectronic devices such as flat panel displays, it is essential to use a transparent electrode consisting of a thin film of a transparent conducting oxide (TCO) semiconductor. Tin-doped indium oxide (commonly called ITO) thin films deposited by magnetron sputtering is the most common used TCO material for transparent electrode applications in the past decades [1, 2] . Given the high cost and scarcity of indium, transparent conducting impurity-doped ZnO, such as Al-, In-, B-and Ga-doped ZnO (AZO, IZO, BZO and GZO, respectively), has recently attracted much attention as a promising alternative TCO material for application in flat-panel displays, window layers in thin film photovoltaic, and energy-efficient windows with low infra-red (IR) transmittance because of their excellent optical and electrical properties, low material costs, relatively low deposition temperature, non-toxicity, and stability in hydrogen plasma [3] [4] [5] [6] [7] .
In order to develop TCO films with better properties and suitable for specialized applications previously proposed material development using multicomponent doping has recently been attracting much attention as a source of new TCO semiconductors, such as B and Al co-doped ZnO (BAZO), Mg and Ga co-doped ZnO (MGZO), Al and Ga co-doped ZnO (AGZO) [8] [9] [10] . Among those co-doped ZnO films, relatively few results have been reported on B and Ga co-doped ZnO films. Ga-doped ZnO film has several merits such as more resistant to oxidation, closer ionic radius of Zn 2+ compared to Al-doped ZnO films, indicating that it allows minimizing the ZnO lattice deformations even at high Ga doping concentrations compared to the other impurities [11] . B-doped ZnO film exhibits high transparency and improved thermal stability [12, 13] . B and Ga co-doped ZnO films are expected to show some improvements in electrical and optical properties of TCOs. In this work, B and Ga co-doped ZnO (BGZO) films were prepared by RF magnetron sputtering. The effect of sputtering pressure on optical, electrical and structural properties of BGZO films was studied in detail.
Experiment
B and Ga co-doped ZnO (BGZO) films were deposited on glass substrate by RF magnetron sputtering. A ceramic target was employed: ZnO target with 1.8 wt% Ga 2 O 3 and 0.2 wt % B 2 O 3 (purity 99.99%), the diameter of which was 101.6mm. Before the deposition of BGZO films, glass substrates were cleaned with ethyl alcohol. The vacuum chamber was evacuated until the residual gas pressure was less than 5×10 -7 Torr. The thicknesses of all the prepared BGZO films were about 200 nm controlled by a vibrating quartz crystal. Sputtering was performed at room temperature under an Ar atmosphere with an operating RF power of 150W. The sputtering pressure was varied from 3mTorr to 7.5mTorr. The influence of sputtering pressure on properties of BGZO films was investigated.
The structural properties of the films were investigated by X-ray diffraction (XRD 3KW D/MAX-2200V PC, CuKĮ1, Ȝ=0.154056nm). The optical transmission of the films was measured using a UV-visible spectrophotometer (ShimadzuUV-2501 PC) and the optical bandgap (Eg) was evaluated from the (Įhv) 2 vs. hv (photon energy) plot. The electrical properties of the films were analyzed by Hall effect measurement system (Accent model HL5500PC). In addition, the surface morphology was analyzed by Scanning electron microscopy (SEM, Hitachi S-4800).
Results and Discussions
To investigate the sputtering pressure on the microstructure of BGZO films, XRD analysis was performed as shown in Figure 1 . It is obviously that all the samples had a strong (002) peak at 2ș near 34.4 o in the angle region from 20 o to 70 o , which indicate that the BGZO films had a well-developed wurtzite structure and a good c-axis orientation perpendicular to the substrate. It is also found in Figure 1 that the intensity of (002) peak of the BGZO films increase with the increasing of sputtering pressure up to 6mTorr and then decrease with further increasing of sputtering pressure, which indicates an improvement of the crystalline quality prepared at proper sputtering pressure. The sputtering pressure dependences of surface morphology for BGZO films are also revealed by the SEM, as shown in Figure 2 . We can observe that when the sputtering pressure is 6mTorr, the BGZO films shows the uniform crystalline size and better smooth and dense of film surface. As the sputtering pressure increase form 3mTorr to 7.5mTorr, the grain size slightly decrease, especially when the sputtering pressure is 7.5mTorr. increasing of sputtering pressure. The increased mobility is attributed to the improved crystallinity that weakens inter-crystallite boundary scattering and increases carrier lifetime [14] . It is also found in Figure 3 that the resistivity of the BGZO films decrease gradually with increasing of sputtering pressure up to 6mTorr. As reported, the resistivity of the films is dominated by the carrier concentration and mobility as the following equation [15] : ȡ=1/Nɟμ, where, ȡ is resistivity, N is carrier concentration and μ is mobility. From the equation, the increased carrier concentration and mobility of BGZO films is the reason for decreased film resistivity with sputtering pressure in the 3-6 mTorr range.
The optical transmittance spectra of BGZO films with different sputtering pressure are shown in Figure 4 , from which we could find that all the BGZO films showed high optical transmittance (>85%) including substrates in the visible range, which is important for applications. The high transparency is associated with the good structural homogeneity and crystallinity of the films. With the increase of sputtering pressure, the absorption edge of the BGZO films shifts to the shorter wavelength, which is due to the Burstein-Moss effect [16] . The fundamental absorption corresponds to the electron excitation from valance band to conduction band and can be used to evaluate the value of the optical band gap. Figure 5 shows the plot of (ĮhȞ) 2 versus hȞ, where Į is the optical absorption coefficient and hȞ is the energy of the incident photon. The optical band gap of the films is determined by applying the Tauc model, and the Davis and Mott model [17] in the high absorbance region: Įhv =C( hv-E g ) n , where C is a constant hv is the photon energy and E g is the optical band gap. For a direct transition, n = 1/2. As ZnO-based films have a direct band gap, the band gap of the films could be calculated by plotting (Įhv) 2 versus hv (as shown in Figure 5 ). The extrapolation of the curve to the energy axis give bandgap of about 3.55eV, 3.6eV, 3.61eV and 3.7eV for BGZO films prepared at 3mTorr, 4mTorr, 6mTorr and 7.5mTorr, respectively. The blue shift of optical band gap with increaseing of sputtering pressure is relates to the increase in the carrier concentration blocking the lowest states in the conduction band, well known as the Burstein-Moss effect [16] .
Summary
B and Ga co-doped ZnO films were deposited by radio frequency magnetron sputtering with various sputtering pressure. The structural, electrical and optical properties of the BGZO films are dependent on the sputtering pressure. The crystal structure of all the BGZO films is hexagonal wurtzite and shows highly c -axis orientation. As sputtering pressure increases up to 6mTorr, the crystallinity is improved. The carrier mobility of the BGZO films increased with increasing the sputtering pressure up to 6mTorr. The carrier concentration increase and resistivity decrease with increasing the sputtering pressure. All the BGZO films show high optical transmittance in the visible range and blue shift of optical band gap with increaseing of sputtering pressure. 
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